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 Several secondary, non-B forms of DNA are associated with the promoter regions of many 
oncogenes, including the intensely studied c-MYC gene that codes for a transcription factor. Two 
such secondary structures, G-quadruplexes, and i-motifs, have become topics of interest due to 
their prevalence within oncogenic promoters, as well as their potential accessibility for drug 
targeting. B-form DNA can adopt alternative structures under certain conditions. These alternative 
structures are favored when there is an asymmetric distribution of guanosine and cytosine on 
complimentary DNA strands. The strand rich in guanosine is able to form a quadruple stranded 
DNA complex termed a G-quadruplex. The complementary cytosine-rich strand is also able to 
form a quadruple stranded DNA construct, known as an i-motif. Duplexes are more stable, 
thermodynamically, than the secondary structures that are formed from single stranded DNA. 
Therefore, an input of energy is required for DNA to form G-quadruplexes and i-motifs, resulting 
in higher ΔGo of formation than duplex DNA and an overwhelmingly endergonic process. Acidic 
conditions are typically required for the stabilization of i-motifs due to protonation of cytosines 
that allows for three hydrogen bonds in C·C mismatches. However, crowding agents such as 
polyethylene glycols and dextrans can shift the pKa values of i-motifs to near physiological 
conditions. Recent studies have also indicated that certain DNA strands such as SNORD112 and 
DUX4L22 are able to form i-motifs in near physiological conditions without the need for crowding 
agents, generating great interest in these DNA strands1. 
It is currently estimated that the amount of energy required for the opening of double 
stranded DNA and it’s conversion to 4-stranded structures is roughly 20-30 kcal/mol. The sources 
of this additional energy required to form i-motifs from duplex DNA are not entirely known. 
Recent research completed by a graduate student at the University of Mississippi has indicated that 
proteins binding to DNA i-motifs may contribute toward formation of i-motifs by providing a part 
of the required energy contribution. To estimate the energetic contributions of protein binding to 
the formation of i-motifs, Poly Cytosine Binding Protein 2 (PCBP2) was used as a model. PCBP2 
is a protein that is known to bind to cytosine rich DNA. PCBP2 was an ideal candidate for this 
research, as PCBP2 is active in the acidic conditions necessary to induce i-motif formation in 
certain strands of DNA. Therefore, it is important to purify the protein, and improve upon the 
purification process to further determine the protein’s effect on the formation of i-motifs. PCBP2 
is also homologous to the human hnRNP K protein, which is responsible for binding to pre-
messenger RNA, and is a component of heterogeneous ribonucleoprotein particles2. It should be 
noted that hnRNP K is not a suitable candidate for the purposes of this research as hnRNP K is not 
active in the acidic conditions necessary for i-motif formation. Due to the COVID-19 pandemic 
and laboratory related constraints, purification of the PCBP2 protein and its DNA-binding KHIII 
 
1 1 Elisé P. Wright, Julian L. Huppert, Zoë A. E. Waller, Identification of multiple genomic DNA sequences which 
form i-motif structures at neutral pH, Nucleic Acids Research, Volume 45, Issue 6, 7 April 2017, Pages 2951–2959, 
https://doi.org/10.1093/nar/gkx090 
 
2 Bomsztyk K, Denisenko O, Ostrowski J (June 2004). "hnRNP K: one protein multiple processes". BioEssays. 26 (6): 
629–38. doi:10.1002/bies.20048. PMID 15170860. S2CID 22108788. 
domain was not fully completed. Therefore, previous studies are cited throughout this thesis to 
provide insight into relevant data that could not be gathered, while the gathered data that was 
accomplished for this thesis and its relevancy will also be discussed.  
 
      
 
Introduction 
After the discovery of the B-form DNA structure by Watson and Crick, subsequent studies 
were conducted as to the existence of other three-dimensional forms of DNA3. DNA forms that 
deviate from the Watson-Crick B-form standard are referred to as secondary structures to 
differentiate them from the standard B-form. Both forms of DNA that are discussed here, G 
quadruplexes and i-motifs, are examples of secondary structures. A G-quadruplex is a secondary 
DNA structure that consists of repeating sequences involving the purine Guanine. G-quadruplexes 
also involve Hoogsteen base pairing. G-quadruplexes have been observed across the genome in 
telomeres, ribosomal DNA, and in promoters of genes that influence cellular growth, such as BCL-
2, RAS, VEGF, and c-MYC4,5,6. Interestingly, G-quadruplexes exhibit high amounts of stability 
under physiological conditions, making them prime targets for drug research as targets of 
oncogene expression, along with the capacity for G-quadruplexes to inhibit the telomerase enzyme 
 
3 Molnar, M. L., Liddell, S. C., & Wadkins, R. M. (2019). Effects of Polyamine Binding on the Stability of DNA i-Motif 
Structures. ACS Omega, 4(5), 8967-8973. https://doi.org/10.1021/acsomega.9b00784 
4 Huppert, J. L.; Balasubramanian, S. Prevalence of quadruplexes in the human genome. Nucleic Acids Res. 2005, 
33, 2908−2916. 
5 Hurley, L. H.; Wheelhouse, R. T.; Sun, D.; Kerwin, S. M.; Salazar, M.; Fedoroff, O. Y.; Han, F. X.; Han, H.; Izbicka, E.; 
Von Hoff, D. D. G-quadruplexes as targets for drug design 
6 Brooks, T. A.; Hurley, L. H. Targeting MYC Expression through G-Quadruplexes. Genes Cancer 2010, 1, 641−649. 
that is overexpressed in many forms of cancer7,8. G-quadruplexes have also been observed in 
cellular nuclei, act as reporters for genetic deletions, and aid in the detection of metal ions9,10,11,12.  
Although much research has been conducted towards G-quadruplexes, its complementary 
structures, the cytosine rich i-motifs, are less studied. The i-motifs form in relatively acidic 
conditions (pH ≈6.5), with the N1 position of cytidine being protonated, which allows for three 
hydrogen bonds to form between two cytidines13. This then results in interactions between planes 
of cytosine base pairs, creating the structure referred to as an i-motif. Traditionally, i-motifs were 
not investigated due to their previously thought inability to exist in the slightly alkaline pH of the 
nucleus. Recent research, however, has indicated that i-motifs may form in physiological 
conditions with the addition of crowding agents such as polyethylene glycol and dextran. Even 
more recently, i-motifs have been formed in neutral to basic pH in specific DNA strands such as 
SNORD112 and DUX4L22 without crowding agents, and have also been observed in cell nuclei, 
igniting interest in their potential biological functions14.  
  G-quadruplexes and i-motifs are formed when DNA is highly supercoiled and is single 
stranded during cellular processes such as transcription and replication. However, as mentioned 
 
7 Anaïs Vannutelli, Sarah Belhamiti, Jean-Michel Garant, Aida Ouangraoua, Jean-Pierre Perreault Where are G-
quadruplexes located in the human transcriptome? 
8 Biffi, G.; Tannahill, D.; McCafferty, J.; Balasubramanian, S. Quantitative visualization of DNA G-quadruplex 
structures in human cells. Nat. Chem. 2013, 5, 182−186. 
9Wang, M.; He, B.; Lu, L.; Leung, C.-H.; Mergny, J.-L.; Ma, D.-L. Label-free luminescent detection of LMP1 gene 
deletion using an intermolecular G-quadruplex-based switch-on probe. Biosens. Bioelectron. 2015, 70, 338−344. 
10Ma, D.-L.; Lin, S.; Lu, L.; Wang, M.; Hu, C.; Liu, L.-J.; Ren, K.; Leung, C.-H. G-quadruplex-based logic gates for HgII 
and AgI ions employing a luminescent iridium(iii) complex and extension of metal mediated base pairs by 
polymerase. J. Mater. Chem. B 2015, 3, 4780− 4785. 
11 Leung, K.-H.; He, B.; Yang, C.; Leung, C.-H.; Wang, H.-M. D.; Ma, D.-L. Development of an Aptamer-Based Sensing 
Platform for Metal Ions, Proteins, and Small Molecules through Terminal Deoxynucleotidyl Transferase Induced G-
Quadruplex Formation 
12 Di Antonio, M., Ponjavic, A., Radzevičius, A. et al. Single-molecule visualization of DNA G-quadruplex formation in 
live cells. Nat. Chem. 12, 832–837 (2020). https://doi.org/10.1038/s41557-020-0506-4 
13 ppl. Mater. Interfaces 2015, 7, 24046−24052. (10) Gehring, K.; Leroy, J.-L.; Gueron, M. A tetrameric DNA ́ 
structure with protonated cytosine-cytosine base pairs. Nature 1993, 363, 561−565. 
14 Zeraati, M., Langley, D.B., Schofield, P. et al. I-motif DNA structures are formed in the nuclei of human 
cells. Nature Chem 10, 631–637 (2018). https://doi.org/10.1038/s41557-018-0046-3 
previously, the energetic cost of formation of G-quadruplexes and i-motifs over the formation of 
duplex is extremely high. Previous research has estimated the free energy required to open the 
duplex DNA to its single strands and compared that with the energy gain upon stabilization of the 
G-quadruplexes and i-motifs. It was found that roughly 20-30 kcal/mol was needed to induce the 
formation of i-motifs15. Previous research has shown that proteins which bind specifically to i-
motif structures might contribute towards the additional energy required to form i-motifs. 
Therefore, it has been hypothesized that protein binding to DNA might be able to compensate for 
part of the energy difference between duplex DNA and tetraplex i-motifs. To test this hypothesis, 
a graduate student at the University of Mississippi tested the capacity for proteins to aid in the 
formation of i-motifs by observing the interaction between an i-motif from the c-MYC promoter 
region and the PCBP2 protein16. The graduate student’s experiment served as a model for the 
research conducted towards this thesis. However, DNA strands such as SNORD112 and 
DUX4L22 were intended to replace c-MYC. 
 
15 Parmely, Justin Lane, "Stabilization of DNA i-motif structures by 7-aminoactinomycin D, an anti-tumor drug" 
(2019). Electronic Theses and Dissertations. 1958. https://egrove.olemiss.edu/etd/1958 
16 Bhavsar-Jog, Y. P. (2013). Effects of Epigenetic Modification, Macromolecular Crowding, Degree of Hydration, 
and Transcription Factor Binding on the Thermodynamic Stability of DNA i-Motif Structures (Unpublished masters 
dissertation). University of Mississippi, Oxford MS. 
 
Figure 1: This figure shows the formation of i-motifs and G-quadruplexes. (A) 
Demonstrates the guanine and cytosine rich DNA sequences in the c-MYC promoter capable of 
forming these structures. (B) Demonstrates the formation of G-quadruplexes in the c-MYC 
promoter through Hoogsteen Base-Pairing. (C) Illustrates the formation of an i-motif through 
traditional base pairing. The nucleobases cytosine, adenine, guanine, and thymine are colored 






Poly Cytosine Binding Protein 2 (PCBP2) is a DNA binding protein that belongs to the 
family of heterogeneous nuclear ribonuclear proteins. PCBP2 is capable of binding to cytosine 
rich DNA. Structurally, PCBP2 is composed of three KH domains. For the purposes of this thesis, 
the purification process of the third domain (KHIII) and its potential thermodynamic effect on i-
motif formation was the focus. Each of the KH domains is composed of 3α -helices and 3 ß-sheets 
and are separated by intervening loop regions, with a GXXG loop between α helices 1 and 2, and 
the variable loop between ß-sheets 2 and 3 (Figure 2). This structure is common to all PCBPs, as 
the structure of the KH domains is a conserved binding motif that allows for the recognition of 
nucleic acids. The KH domains for PCBP2 have a high affinity for Cytosine rich DNA17. It has 
been found in previous studies that DNA orients itself within the KH domains such that the 5’- 
and 3’- ends interact with the C and N-terminals of the KH domains, while the KH domains 
recognize desired DNA sequences through hydrogen bonds, van der Waals contacts, and 
electrostatic interactions18. The PCBP2 protein was chosen over other known proteins that interact 
with i-motifs because PCBP2 is active in the acidic pH values necessary for i-motif formation in 
certain DNA strands such as c-MYC. While the c-MYC gene forms i-motif structures at acidic 
pH, recent research has indicated that certain DNA sequences such as SNORD112 and DUX4L22 
can form i-motifs at neutral to basic pH values. Therefore, it is important to use a DNA binding 
protein that is functional in both the acidic conditions necessary to facilitate i-motif formation and 
in potential alkaline environments. Other DNA-binding proteins such as hnRNP K are therefore 
unsuitable for these experiments due to their unstable nature in acidic pH.  
 
 
17 Valverde R, Edwards L, Regan L. Structure and function of KH domains. FEBS J. 2008 Jun;275(11):2712-26. doi: 




Figure 2: This diagram shows all three KH domains of PCBP2 and hnRNP K. The bottom of the 
diagram includes a schematic of KHI domain showing 3 α-helices and 3 β-sheets. The domain of 
interest, KHIII, consists of amino acids residues 288-356. Note the overlapping similarity of 
structure between PCBP2 and hnRNP K. Source: Bhavsar-Jog, Y. P. (2013) 
 
Due to its capacity to form i-motif structures, and its biological importance, the c-MYC 
gene and its cytosine rich sequences were chosen for the graduate student’s experiment. The c-
MYC gene codes for an oncoprotein transcription factor that aids in the regulation of cell growth 
and apoptosis. The MYC oncoprotein family has been widely investigated due to the relative 
importance the gene plays in various segments of the cell cycle. In even greater importance to the 
purposes of this thesis, studies have demonstrated the ability of c-MYC promoter sequences to 
form i-Motifs in acidic solution, allowing for a direct source of observable i-motif formation19. 
The human c-MYC gene contains four promoter start sites (P0-P3) that regulate transcription. The 
nuclease hypersensitive element (NHE III1) that is upstream of P1 and P2 (Figure 3) is composed 
of a guanine and cytosine rich DNA sequence and is known to form the i-motif secondary 
structures. Research has indicated the capacity for different DNA sequences such as SNORD112 
 
19 Cui, J., Waltman, P., Le V.H., & Lewis, E. A. (2013). The Effect of Molecular Crowding on the Stability of Human c-
MYC Promoter Sequence I-Motif at Neutral pH. Molecules, 18(10), 12751-12767. 
and DUX4L22 to form i-motif structures in neutral to basic pH, leading to new interest in these 
DNA strands. However, the c-MYC gene is relevant to this thesis because the process by which 
the graduate student induced i-motif formation and examined the thermodynamic effect of PCBP2 
upon i-motif formation in the c-MYC gene served as a model for the research conducted regarding 
this thesis. This is especially important, considering that there has been little research conducted 
toward the thermodynamic effect of DNA-binding proteins regarding i-motif formation in 
SNORD112 and DUX4L22.  
 
 
Figure 3: This figure demonstrates the NHE III1 region of the c-MYC promoter. Bracketed 
sections of the sequence can form G-quadruplexes and i-motifs in either single stranded (ss) or 
supercoiled (sc) DNA. Notice the repeating sequences of guanine and cytosine base pairs. Source: 
(Chen et al., 2014; Cui et al., 2013) 
 
Although the c-MYC gene has been known to form i-motifs, subsequent research since the 
conclusion of the graduate student’s studies have revealed the capacity for specific DNA sequences 
to form i-motif constructs in neutral or even basic pHs. DNA sequences such as SNORD112 and 
DUX4L22 are examples of such phenomena20. SNORD112 is a DNA strand that codes for small 
nucleolar RNA (snoRNA) which aids in the formation of 2-prime O-methylation of ribosomal 
RNA and small nuclear RNA. DUX4L22 is a pseudogene with no apparent function21. In a 2017 
study, it was shown that both SNORD112 and DUX4L22 could form i-motifs at pH 7.2 and 7.1 in 
the absence of crowding agents. Research completed in this lab by other students have also led to 
the formation of i-motifs with these DNA strands in basic pH values in the presence of crowding 
agents, further giving credence to the stability of i-motifs formed from these DNA sequences in 
near physiological conditions. DNA sequences such as these are critical to the topic of this thesis, 
as the propensity for these DNA sequences to form i-motifs in physiological conditions allows for 
more effective study towards the thermodynamic effects of DNA binding proteins regarding i-
motif formation in vivo. This makes studying i-motif formation in these sequences and the 




20 Elisé P. Wright, Julian L. Huppert, Zoë A. E. Waller, Identification of multiple genomic DNA sequences which form 





Figure 4: This figure demonstrates the results from a study intended to examine the 
stability and folding potential of different i-motif forming DNA strands. Note DUX4L22 and 
SNORD112 and their ability to form i-motifs at pH 7.1 and 7.2, respectively. The blue arrow 




In the graduate student’s research, they used different domains of Poly Cytosine Binding 
Protein 2 (PCBP2) as a transcription factor to bind to the iM-forming 51-mer sequence from the 
promoter region of the c-MYC gene. Specifically, the graduate student tested the energetic 
contributions of both the KHI and KHIII domains of PCBP2 by observing the quantity of bound 
DNA relative to protein concentration through SDS page gels, and the stability of the i-motif 
formations bound to the protein domains were analyzed using Circular Dichroism. The energetic 
contributions of both domains were calculated by comparing the intensity of bound and unbound 
DNA to the concentration of protein. Regarding this thesis, the same process would have been 
completed if the Covid-19 pandemic did not hamper research efforts. DNA sequences such as 
SNORD112 and DUX4L22 would have replaced the c-MYC gene that was used in the graduate 
students experiments, and the thermodynamic effect of PCBP2 upon of i-motif formation in these 
DNA strands would have been studied. Therefore, it is necessary for future research to be 
conducted on the thermodynamic effects of PCBP2 on i-motif formation in these DNA strands 
after protein purification is achieved. 
 
 Materials and Methods 
Plasmids and the cell line for expression of PCBP2 domain: The sequence for the KHI 
and KHIII domains were engineered in a pGS-21a vector and purchased from Genscript (New 
Jersey, USA). The pGS-21a vector contains a gene for ampicillin resistance and gene components 
for expressing metal-affinity and GST-affinity tags towards the N-terminus of the protein. The 
gene encoding for the KHIII domain was inserted after the enterokinase cleavage site so that the 
tags could be separated from purified protein by enterokinase digestion. The plasmid was then 
transformed into BL21 (DE3) competent cells that were purchased from Life Technologies 
(Carlsbad, CA) through heat shock. During the transformation process, BL21 cells were thawed 
over ice along with the pGS-21a vector. BL21 cells were inducted into a heat bath at 37° Celsius 
and the pGS-21a vector was added to the BL21 cells. The cell and plasmid mixture were then 
combined with SOC recovery media. SOC media contains 20 g/L tryptone, 5 g/L yeast extract, 4.8 
g/L MgSO4, 3.6 g/L dextrose, 0.5 g/L NaCl, 0.186 g/L KCl, and is a nutrient-rich broth that helps 
maximize the transformation efficiency of competent cells. The SOC recovery medium and cells 
were placed in a shaker-incubator for one hour to induce growth. 
 Protein over-expression: The transformed cells were then streaked on an LB-agar plate 
containing ampicillin and the plate was kept overnight in a 37° C incubator. Again, it should be 
noted that the pGS-21a vector contains resistance to ampicillin. Therefore, ampicillin allows for 
specific selection for bacterial cells that contain the pGS-21a vector. A single colony was picked 
from the plate and grown overnight in a 5ml LB culture. LB/Amp cultures consisted of 10 grams 
of tryptone, 5 grams of yeast extract, and 10 grams of sodium chloride per liter. This culture 
containing the cells was then added to 1 liter flask containing LB-Ampicllin media and the cells 
were grown at 37° C on a shaker-incubator at 250 r.p.m. The cell growth was measured by 
checking the optical density of the media after regular intervals through use of a UV-Visible 
spectrometer. Once the optical density reached the value of 0.6-0.8, IPTG was added to the flask 
such that the final concentration of IPTG was 0.4 mM, with other tests done to increase the 
concentration. IPTG is biological mimic of allolactose, a lactose metabolite that allows for 
transcription from the lac operon. After induction with IPTG, the cells were allowed to grow for 3 
more hours, with a sample taken every hour. These cells were then isolated form the media by 
centrifugation at 13,000 r.p.m for 1 minute and placed in a freezer. A sample was then taken the 
next day to monitor expression over longer periods of time. This sample was centrifuged at 13,000 
r.p.m. for 1 minute and stored in a freezer. Lastly, the 500mL flasks were then centrifuged at 3,500 
r.p.m. for 15 minutes. The isolated cells were lysed using BPER (Bacterial Protein Extraction) 
reagent from Pierce Biotechnology (Rockford, IL). BPER is used to disrupt cells and solubilize 
native or recombinant proteins with denaturation. Protein expression was then checked using gel 
electrophoresis. Twenty microliters of all four samples (hours 1, 2, 3, and overnight samples) were 
combined with 5 microliters of 10x loading dye. Samples were allowed to electrophorese for 
roughly 30 minutes. The gel was then stained using Coomassie Blue staining solution for 2-3 
hours. The gel was then de-stained using a water, acetic acid, and methanol mixture for 1 hour. 
This de-staining solution was then discarded and replaced with the same solution. The gels were 
then allowed to de-stain overnight. It should be noted that a revision to the original protocol for 
PCBP2 was made. Initially, we heat-treated the protein samples at 80°C, in order to denature the 
proteins and unravel them so that they can be effectively coated in SDS during electrophoresis. 
However, recent tests have shown that not heat-treating protein samples have led to greater 
observation of expression in gels. Previously, repeated tests involving heat treatment failed, with 
no bands present during the electrophoresis stage of the protocol. However, after completing 
electrophoresis on samples that were not heat treated, there was evidence of protein expression, as 
shown in figure 8. 
 Protein Purification: The soluble fraction of the lysed bacterial extract was equilibrated 
with GST-binding buffer that contained (1 X PBS buffer: 10 mM Na2HPO4, 1.8 mM KH2PO4, 140 
mM NaCl, 2.7 mM KCl, pH 7.3). The protein solution was then poured over a GST column and 
washed with 1X PBS buffer (wash buffer and binding buffers are the same for GST column). The 
protein containing the GST-tag was then eluted (collected in separate fractions) from the column 
using freshly prepared elution buffer which contained 10 mM glutathione, or 0.154 g of reduced 
glutathione dissolved in 50 ml of 50 mM Tris-HCl, pH 8.0. Each elution fraction was then 
concentrated using centrifugal concentrating units and electrophoresed on a 12% SDS PAGE gel 
to locate the fractions containing proteins. All the elution fractions containing proteins were then 
combined and dialyzed overnight at 4 °C in 50 mM Tris-HCl buffer in order to remove the 
glutathione. Following dialysis, the protein was cleaved from the GST-/His- tag by enterokinase 
enzyme obtained from Genscript (New Jersey, USA) and once again equilibrated with GST-
binding buffer in order to run over the GST column. Since the protein is now cleaved from the tag 
it is present in flow-through and wash fractions, while the tag sticks to the column. The protein is 
collected, concentrated, and electrophoresed on an SDS-page gel to confirm the size. 
Unfortunately, protein was lost during GST chromatography after enterokinase digestion. It is 
uncertain whether the protein is lost during the wash phase, or if it was unable to eluted. Another 
possibility is that the protein was in initially low concentrations, as demonstrated in figure 8.  
 
Figure 5: Animated demonstration of the function and steps to cleave the GST tag from the PCBP2 
protein during chromatography. Note how the resin has affinity for glutathione, causing the protein 
to stick to the resin, while the reduced glutathione allows for the elution of the desired protein after 
washing. Source: Sciencedirect 
  
Figure 6: This figure shows data collected on the purification of the KHIII domain. From left to 
right the samples include pre-induction by IPTG, 1 hour post induction, 2 hours post induction, 3 
hours post induction, an overnight sample, and the protein ladder. The black arrow points to the 
35 kDa protein band of the ladder. The red arrow points to the 34 kDa PCBP2 band. The smearing 
of the gel samples leaves the overall quality of the results to remain dubious. However, there is 
darkening of the protein bands, as would be expected, in the correct positions according to the 
protein ladder. Therefore, there is a modicum amount of evidence pointing to the presence of the 
KHIII domain of PCBP2.  
 
 
Figure 7: Diagram showing the weights of ladder protein bands. Notice the 25 kDa band on the 
12% Tris-Glycine column. The red band is visible in the above gel, with a darkening band directly 





Figure 8: This figure demonstrates the results of the purification process after the first 
chromatography stage and before enterokinase digestion. Bands are present in the desired area for 
the KHIII domain of PCBP2. However, the banding is very faint, leading to doubts about the 
concentration of the protein, and the quality of the ladder leads the overall results to remain 
dubious. This is possibly the reason why protein expression was not observed after the second 
stage of chromatography, as the small amount of protein present could have been lost during the 





Figure 9: This gel is the result after the purification process. Unfortunately, no protein is shown 
here, inferring that an error was made during the chromatography stage of the protocol, after 
enterokinase digestion. Likely, there was an error during the chromatography stage of the protocol, 
in which the protein was not successfully eluted from the column. Most likely, there was either an 
error in the buffers used during the second stage of chromatography or the protein was not present 




More data should be acquired, along with refinement of purification processes.  
If time and conditions were permitting, the above experiments would be repeated for 
more data. Data gathered shows that the KHIII domain of the PCBP2 protein remains to be 
difficult to purify, like most DNA binding proteins. Data gathered has, however, led to 
refinement in the purification process. Our lab also tested the amount of IPTG necessary to 
induce PCBP2 expression. IPTG is used to induce protein expression where the gene is under the 
control of the lac operator. Initially, our lab tested initial doses that were 0.4mM in 
concentration. However, recent tests involving increasing the concentration of added IPTG 
induced greater protein growth. By increasing the concentration of IPTG after the bacterial 
samples reach an absorbance value between 0.6 and 0.8, it is possible that greater protein 
expression can be achieved. Further study should be involved as to what concentrations of IPTG 
induce the largest amounts of protein expression. It was found that by not heat treating the 
protein samples, the KHIII and KHI domains of PCBP2 were finally visualized via gel 
electrophoresis. The exact cause of this is unknown, as it typically expected that proteins must be 
denatured by heat for the proteins to be covered by SDS, so that they may effectively undergo 
electrophoresis. Studies should be conducted further on why PCBP2 is more stable during 
electrophoresis and purification techniques without being denatured. Once protein expression 
was achieved during electrophoresis, purification during chromatography led to a loss of sample. 
It is unclear whether the protein is lost during the washing phase, or if the protein was unable to 
be eluted from the column. More experiments should be completed once adequate amounts of 
protein expression are achieved. As mentioned previously, a graduate student at the University of 
Mississippi tested the effects of PCBP2 on the formation of i-motifs. Subsequent research 
conducted after the conclusion of the graduate student’s research has indicated that other DNA 
strands such as SNORD112 and DUX4L22 are able to induce i-motif formation near 
physiological conditions. Therefore, research should also be undertaken using the same 
techniques described above, by having PCBP2 bind to the i-motif forming regions of the 
SNORD112 and DUX4L22 strands and the thermodynamic effects measured.  
4.5. Discussion and Conclusions 
 The i-motifs and G-quadruplexes have become topics of interest due to their presence in 
physiological conditions, prevalence within oncogenic promoters and their potential accessibility 
for future drug targeting. G-quadruplexes have also been observed across the genome in 
telomeres and in promoters of genes that influence cellular growth, such as BCL-2, RAS, VEGF, 
and c-MYC, ensuring that G-quadruplexes are relevant to study due to their presence in 
important genetic sequences. G-quadruplexes have exhibited stability in physiological 
conditions. This, combined with their prevalence in important cellular functions such as 
transcriptional regulation, presence in cellular nuclei, reporters for genetic deletions, and aiding 
in the detection of metal ions, makes G-quadruplexes prime targets for drug research. The study 
of i-motifs has traditionally not garnered as much attention due to its tendency to form in acidic 
conditions. However, recent studies, including a topic of this thesis, have indicated that i-motifs 
can form in physiological conditions when in the presence of crowding agents and possibly 
DNA-binding proteins. The i-motifs have also been observed in cellular nuclei, which also 
garners new interest in i-motifs. DNA i-motifs and G-quadruplexes have been widely studied for 
their physiological roles as transcriptional regulators. However, the factors that contribute to 
formation and retention of these higher energy structures in vivo are not fully accounted for. 
Recent studies have suggested that it is possible for a fraction of the necessary energy required to 
form i-motifs and G-quadruplexes to be derived from the negative supercoiling of DNA. It is 
important to derive the energetic sources of i-motif formation, as it could be applied during the 
development of drug therapies since i-motif and G-quadruplex formation and conformations 
could be controlled. The free energy contribution for binding of the KHI and KHIII domains of 
the PCBP2 protein to the stability of i-motifs has been estimated to be roughly -10 kcal/mol, 
which comprises about 30% - 50 % of additional energy that is required to denature the duplex 
DNA to single stands and eventually fold to form quadruplex i-motifs. The data on PCBP2 
provides an approximation of energetic contribution of transcription factor binding to the fully 
folded i-motif structure. Future research should be conducted on this matter. Unfortunately, 
constraints arising from the Covid-19 pandemic prevented completion of this project. However, 
research conducted in this lab has created new interests and refinement of the purification of the 
PCBP2 domains. Our lab tested altering amounts of IPTG that would be necessary to induce 
PCBP2 expression, along with the discovery that greater protein expression occurred by not heat-
treating samples. Prior research has indicated that certain DNA strands, such as SNORD112 and 
DUX4L22, have been able to form i-motifs in near physiological conditions. These DNA strands 
would have replaced the c-MYC gene that was used in the previous graduate student’s 
experiments, had time permitted. The effects of DNA-binding proteins, such as PCBP2, on the 
formation of i-motifs in these DNA strands should be the subject of future studies once protein 
purification is achieved.  If possible, research should also be conducted by replacing PCBP2 with 
hnRNP K, which is responsible for binding to pre messenger RNA and is a component of 
heterogeneous ribonucleoprotein particles. The hnRNP K protein should be investigated using 
the same protocol as above, not only due to its physiological importance, but to also test if 
hnRNP K would contribute even greater amounts of energy to the formation of i-motifs. 
However, this should be done, if possible, with the SNORD112 and DUX4L22 strands, as the 
ability to form i-motif structures in neutral to basic pH would help facilitate hnRNP K function. 
Research could also be done on the purification of the KHII domain, which is notoriously 
difficult to purify, and its effects on the construction of i-motifs should also be studied if 
purification is achieved. Therefore, the results of this thesis indicate possible improvements to 
the purification of the PCBP2 protein and its domains, and its possible thermodynamic effects on 
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